We demonstrate here that lignin can be successfully combined with silica to create a multifunctional material with considerable sorption capabilities. Experiments were carried out in which a silica/lignin hybrid was used for the removal of lead(II) ions from water solutions. Adsorption kinetics were also determined and preliminary regeneration tests were performed. The effectiveness of the adsorption process depends on the following parameters: contact time of adsorbent and adsorbate (equilibrium times: 5 min for concentration 25 mg/L, 10 min for 50 and 75 mg/L, 60 min for 100 mg/L), pH (optimal pH = 5) and adsorbent mass. The kinetics of the adsorption of lead(II) ions on the SiO 2 /lignin biosorbent are best described by a pseudo-second-order model. Adsorption isotherms of lead(II) ions were also determined. The experimental data were found to be in agreement with the Langmuir model, and the maximal sorption capacity of the adsorbent with respect to lead(II) was 89.02 mg/g.
INTRODUCTION
The intensive development of various branches of industry in recent decades has led to the emergence of serious problems of water pollution. Pollutants are among the major causes of progressive degradation of the natural environment. The toxic substances found in water systems may exhibit harmful effects on animals and plants, but also pose a serious threat to human health and even life. Special attention needs to be paid to metal ions, particularly lead(II) ions
1, 2
. The growing problem of the presence of metal ions in aqueous systems has encouraged scientists to seek alternative methods for the removal of this type of contamination. One of the methods considered is adsorption, which offers high effectiveness and low implementation costs 3, 4, 5 . Scientists are working on the development of new, more functional adsorbents which will exhibit better sorption capabilities along with possibilities of regeneration and reuse. A number of adsorbents have hitherto been used to remove lead(II) ions from aqueous solutions, including sandy loam soil 6 , temperate and semiarid surface soils 7 , rice husk ash 8 , mandarin peel
9
, the fungus Aspergillus tamari 10 , and mustard husks 11 . Constant technological progress means that more and more new solutions are coming to light which make use of lignin and its derivatives 12, 13, 14 . Lignin may represent one of the potential cheap and easily accessible biosorbents for the removal of environmentally harmful metal ions 15, 16, 17, 18 . For use as a sorbent, it is mainly obtained as a waste product of the paper industry, which afterwards is subjected to chemical modifi cation to increase the quantity of functional groups 19, 20 . In the present work the possible use of a functional silica/lignin biosorbent in the removal of Pb(II) ions from model aqueous solutions was investigated. This material has been studied in detail, in terms of physicochemical and dispersive-morphological properties, in our previous papers 21, 22 . Moreover, recently published results prove that this material offers good sorption capabilities with respect to nickel(II) and cadmium(II) ions 23 . However, more advanced investigations suggest that the silica/lignin material is even more effective at adsorbing lead(II) ions. These highly interesting results are discussed in the present work, and represent an innovative line of scientifi c investigation, published here for the fi rst time. They provide relevant information of fundamental importance to the development of novel, functional sorbents of natural origin.
EXPERIMENTAL

Preparation of silica/lignin hybrid material
The silica/lignin hybrid material was obtained using a chemical combination of kraft lignin (Sigma-Aldrich, Germany) and Syloid 244 silica (WR Grace & Co., USA) in a ratio of 1:5 (w/w). This innovative method, proposed in our previous papers 21, 22, 23, 24 , makes it possible to obtain a system with unique physicochemical and dispersive-morphological properties. In the fi rst step, lignin was activated with sodium periodate (Sigma--Aldrich, Germany) to improve its affi nity to the silica support. Increased interaction between the precursors was also achieved by carrying out surface modifi cation of the silica using N-2-(aminoethyl)-3-aminopropyltrimethoxysilane (Sigma-Aldrich, Germany) in a quantity of 5 parts by weight per 100 parts of silica. Details of the method of silica modifi cation have appeared in the previous publications 25, 26 .
Batch adsorption experiments
In this study, it was decided to use the silica/lignin hybrid material for the adsorption of lead(II) ions from aqueous systems. Lead nitrate, Pb(NO 3 ) 2 (Avantor TM , Poland) was used as the precursor of lead(II) ions. It was determined how parameters such as contact time between adsorbent and adsorbate (1-180 min for model solutions of concentrations 25, 50, 75 and 100 mg/L; pH = 5; m = 0.5 g), reaction system pH (1, 3, 5, 7, 9 for a model solution of concentration 50 mg/L; 60 min; 0.5 g) and mass of sorbent (0.5, 1, 2, 3, 4 and 5 g for a model solution of concentration of 50 mg/L; 60 min; pH = 5) infl uence the effectiveness of removal of lead(II) ions.
Prepared solutions of lead(II) ions (100 mL) in various concentrations were placed in conical fl asks, and the silica/lignin hybrid sorbent was added to the model solution. The solution was mixed with the adsorbent using a magnetic stirrer (Ika Werke GmbH, Germany).
Atomic absorption spectroscopy (AAS analysis) was used to determine the quantity of lead(II) ions present in the fi ltrate after the adsorption process. This analysis was carried out using a Z-8200 spectrometer (Hitachi, Japan). Prior to analysis of the fi ltrates, standard curves of aqueous solutions of lead(II) ions were obtained. The effi ciency of the process of adsorption of lead(II) ions on the hybrid material was determined using equation (1): (1) where C 0 and C e are respectively the initial and equilibrium concentrations of lead(II) ions (mg/L).
To determine the infl uence of pH on the effectiveness of removal of lead(II) ions, an appropriate quantity of HNO 3 (0.1-1 M) or NaOH (0.1-1 M) (Sigma-Aldrich, Germany) was added to the model solution. The pH values were controlled with an EL20 pH-meter (Mettler Toledo, Switzerland).
Kinetic study
In order to carry out the tests it was necessary to determine the kinetics of the adsorption process. To determine the kinetics and the mechanism of this process, the equations of pseudo-fi rst-order 27 and pseudo-second--order 28 models were used. Determination of the kinetics was necessary to calculate the value of q t , the quantity of lead(II) ions adsorbed per unit time. This value was determined by equation (2): (2) where C 0 and C t denote the concentration of lead(II) ions before and after the adsorption process (mg/L), V is the volume of model solution (L), and m is the mass of adsorbent used (g).
Isothermal studies
To determine the adsorption isotherms using the models of Freundlich 29 and Langmuir 30 , it was necessary to determine the equilibrium concentration (q e ) of lead(II) ions adsorbed on the adsorbent. The quantity of lead(II) ions adsorbed at equilibrium, q e (mg/g), was calculated from equation (3):
Desorption tests
Desorption of lead(II) ions from the hybrid materials was carried out using several concentrations of HCl solution (0.05-0.1 M; Sigma Aldrich, Germany) and water. The adsorbent undergoing desorption was placed in a beaker with 50 mL of water or hydrochloric acid of specifi ed concentration. The solution was then mixed using a magnetic stirrer (Ika Werke GmbH, Germany) for 60 min. After a set time, the mixture was fi ltered, and then analyzed using the AAS technique.
RESULTS AND DISCUSSION
Adsorption effi ciency
In this study, a silica/lignin hybrid material (composed of 20 parts by weight of lignin per 100 parts of silica) was used as a potential biosorbent of lead(II) ions. This sorbent was prepared from the widely available waste biopolymer lignin, as described in our previous paper 23 . Combining lignin with silica produced a relatively cheap material with a high BET surface area of 223 m 2 /g 23 and very favorable physicochemical properties. These characteristics motivated us to carry out further investigations into adsorption using this highly functional biosorbent.
The fi rst stage consisted of adsorption tests. For this purpose, optimization of process time was carried out. An important objective of the analysis of the adsorption process was to determine the infl uence of medium pH on the effi ciency of removal of lead(II) ions from model solutions. The results, shown in Figure 1b , presented that the process was least effi cient in the most acidic medium (pH = 1). As the system became more alkaline, there was a signifi cant increase in the effi ciency of the adsorption process, up to pH = 5, where the maximum process effi ciency was attained. The dependence of the process effi ciency on pH is mainly determined by the characteristic functional groups located on the adsorbent surface, as has been confi rmed in previous publications 31, 32 . In an aqueous system the surface of the silica/lignin sorbent exhibits a negative charge, as has also been confi rmed by electrokinetic stability studies 21 . This is important in the case of adsorption of positively charged lead(II) ions from model solutions.
It was also analyzed how the mass of sorbent used affects the effi ciency of the process of adsorption of lead(II) ions from aqueous systems. Figure 1c shows a graph of process effi ciency against quantity of biosorbent. The curves indicate that with an increase in the mass of biosorbent, the effi ciency of the process also increases. This is due to the increase in the surface contact of the adsorbent, and consequently also in the quantity of characteristic functional groups present on the surface, which determines the adsorption capacity of the silica/lignin hybrid material.
Kinetic study
A signifi cant objective of the work was to determine the kinetics of adsorption of lead(II) ions on the SiO 2 / lignin biosorbent, using pseudo-fi rst-order 27 and pseudo--second-order models 28 . The kinetics of the pseudo-fi rst--order model are described by equation (4): (4) where q e and q t (mg/g) are respectively the quantities of lead(II) ions adsorbed at equilibrium and at time t (min), and k 1 (1/min) is the rate constant for the pseudo-fi rst-order rate equation. Figure 2a shows a plot of log(q e -q t ) against t, from which, by means of mathematical transformations, the constant parameters of the model were calculated (see Table 1 ).
Analysis of the results shows that the correlation coeffi cient (r 2 ) determined for the pseudo-fi rst-order model lies in the range 0.931-0.996 for the tested concentrations of lead(II) ions.
It should be noted, however, that the quantities of adsorbed lead(II) ions (q e,cal ) obtained by calculation using a pseudo-fi rst-order model of adsorption kinetics deviate signifi cantly from the experimental values (q e,exp ).
A pseudo-second-order kinetic model is represented by equation (5): (5) where k 2 (g/(mg · min)) is the rate constant for the pseudo-second-order rate equation.
The initial adsorption rate h (mg/(g · min)) is defi ned as follows (equation 6):
The equilibrium concentration (q e ) and the adsorption rate constant (k 2 ) were calculated from the plot of t/q t against t (Fig. 2b) .
When the pseudo-second-order kinetic model has been applied to the adsorption of lead(II) ions, the correlation coeffi cient (r 2 ) was found to be in the range 0.999-1.000 for all analyzed concentrations of ions. It should also be noted that the calculated values of q e,cal are well correlated with the experimental values q e,exp . The adsorption rate constant (k 2 ) decreased with increasing concentration of lead(II) ions. This is caused by the increasing competitiveness of lead(II) ions (adsorbate) for the active sites of the adsorbent. Thus, the pseudo-second-order kinetic model accurately describes the kinetics of adsorption of lead(II) ions on the silica/lignin biosorbent. The resulting 
Isotherm studies
In the next stage of the study, the adsorption isotherms of lead(II) ions on the SiO 2 /lignin system were determined. For this purpose two models were used: those of Freundlich 29 and Langmuir 30 . The adsorption isotherms help to identify the mechanism of interaction between the adsorbate and adsorbent and to determine the sorption capacity of the biosorbent.
The linear forms of the Freundlich (equation 7) and Langmuir (equation 8) models are given below: (7) where K F (mg/g) is a measure of adsorption capacity, and 1/n denotes the intensity of adsorption (Fig. 3a) . (8) where q m is the maximum uptake of lead(II) ions (mg/g), and b (L/mg) is the adsorption equilibrium constant. The values of b and q m (which are listed in Table 2 ) can be estimated from the intercept and gradient of the linear plot of C e /q e vs. C e (Fig. 3b) . Table 2 shows the parameters of the Freundlich and Langmuir models. The experimental data for the adsorption of lead(II) ions on the SiO 2 /lignin material are better described by the Langmuir isotherm model. This is confi rmed by the high value of the correlation coeffi cient (r 2 = 0.972). The maximum sorption capacity of the silica/lignin biosorbent was 89.02 mg/g. The combination of the waste material lignin with SiO 2 enables the preparation of a biosorbent with a signifi cant capacity to remove lead(II) ions from aqueous systems. The Freundlich isotherm model gave a correlation coeffi cient (r 2 ) equal to 0.948, which is also close to the value for the Langmuir model. This refl ects the complex process of adsorption of lead(II) ions. In this case, adsorption can occur both within the pores (silica) and via the functional groups present on the surface of the hybrid (derived from lignin). The value of 1/n is less than 1, which confi rms the proper course of the adsorption process.
Desorption tests
A fundamental condition for the successful utilization of biosorbents is the possibility of their recovery, which enables further reuse of the materials. This is a key feature enabling the adsorption process to be considered as an economical and highly effective method for removing metal ions from aqueous systems. In this study, the desorbing agents used were water and hydrochloric acid at different concentrations: 0.05 and 0.1 M (see Fig. 4 ). The use of water as a desorbing agent resulted in a very low degree of elution of metal ions (3.3%). This might indicate a strong affi nity between adsorbate and adsorbent. However, when hydrochloric acid was used as the regeneration medium, the tests produced satisfactory results. Notably, increasing the concentration of hydrochloric acid resulted in an increase in the Table 1 . Pseudo-fi rst-order and pseudo-second-order kinetic parameters for adsorption of lead(II) ions onto silica/lignin biosorbent After the desorption process the silica/lignin biosorbent is ready to be used for further adsorption processes, which is crucial both from an economic standpoint and in terms of the development of "green" technologies for the removal of metal ions from aqueous systems.
The silica/lignin hybrid can successfully compete with other synthetic sorbents or systems classifi ed as low-cost sorbents. Its advantages include its very good sorption properties and the high effi ciency of lead(II) ion removal. Additionally, the use of relatively cheap materials will have a positive impact on the economics of the process.
CONCLUSIONS
In this study, a functional SiO 2 /lignin hybrid material has been used as a biosorbent for lead(II) ions. It was found that the effectiveness of removal of the Pb(II) ions was strongly infl uenced by the parameters of the process, most importantly the contact time between adsorbate and adsorbent, the pH of the system, and the mass of sorbent. A very interesting fi nding is that during optimization of the process, each parameter achieved 100% effi ciency. The experimental data fi t much better to the pseudo-second-order kinetic model, which was used to determine the basic kinetic parameters of the adsorption process. The experimental data obtained for adsorption isotherms substantially correspond to the Langmuir model. The maximum sorption capacity was 89.02 mg of lead(II)/g. In desorption tests, the use of 0.1 M HCl was suffi cient to achieve a high degree of elution of the adsorbed metal, which demonstrates the possibility of regeneration and reuse of the biosorbent. The analyzed hybrid system, based on the relatively cheap waste product lignin, combined with silica, undoubtedly has potential applications as a very effective adsorbent of inorganic pollutants.
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